Octylphenol polyethoxylate (OPEO n ) biodegradation by Pseudomonas putida S-5 under aerobic conditions is initiated by the oxidation of its terminal alcohol group by alcohol dehydrogenase. A DNA fragment, containing an alcohol dehydrogenase gene (adh1), was isolated using a combination of degenerate PCR and inverse PCR. The predicted translation product of adh1 showed significant sequence similarity to bacterial alcohol dehydrogenases. Furthermore, a flavin-binding motif and signature patterns conserved in type III FADdependent alcohol oxidases were detected. Two open reading frames (ORFs) were found upstream of adh1, encoding a putative acyl-CoA synthetase and a putative esterase. Downstream of adh1 and located on the opposite strand was an ORF encoding a putative aldehyde dehydrogenase. Transcription analysis using RT-PCR showed that adh1 is cotranscribed with the putative acyl-CoA synthetase and esterase genes during growth on OPEO n . ADH1 overproduced in Escherichia coli exhibited activity not only toward various alcohols, including OPEO n s, but also toward primary aliphatic and aromatic aldehydes.
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Alkylphenol polyethoxylates (APEO n s), such as octylphenol polyethoxylate (OPEO n ) and nonylphenol polyethoxylate (NPEO n ), are representative polyethylene glycol (PEG) type non-ionic surfactants. APEO n s are composed of a hydrophilic ethylene oxide (EO) chain attached to a hydrophobic alkylphenol. They are commercially important surfactants with industrial, agricultural, and domestic applications, and are widely used as detergents, emulsifiers, and adjuvants in agricultural products. But, the disposal of APEO n s has raised environmental concerns. After treatment of wastewater APEO n intermediates, such as alkylphenol, APEO n s (n 5 3) with short EO chains, and their carboxylates are released into the aquatic environment. The EO chains of APEO n s are efficiently degraded by bacteria, and the resulting APEO n (n 5 3) intermediates are known to cause estrogenic effects on aquatic organisms, birds, and mammals. 1, 2) Thus the application of APEO n s is slowly being withdrawn.
The biodegradation of APEO n and PEG, which are structurally related, is generally believed to proceed via exo-type shortening of the EO chain, leading to shortchain APEO n s containing APEO 1 and APEO 2 .
3) Exotype shortening of the EO chain is thought to be accompanied by oxidation of the EO moiety (oxidative biodegradation), 4, 5) because, together with the shortchain APEO n s, their carboxylates, which oxidize at the EO chain terminus, have been detected in many environmental samples. But, no genes or enzymes relevant to the biodegradation of APEO n have been identified, except for PEG dehydrogenases and a diglycolic acid dehydrogenase, which are involved in the oxidative biodegradation of PEG. [5] [6] [7] 13) Hence, the concrete biodegradation mechanisms of APEO n remain unclear.
Agricultural land is often contaminated with APEO n intermediates because APEO n is used as a principal additive in the formulation of pesticides to aid in their action. 8, 9) Hence, it is important to understand the fate of APEO n s on farmland. Nishio et al. isolated 11 strains of OPEO n -utilizing bacteria from paddy field soils, and identified one of them as Pseudomonas putida S-5. 10) OPEO n biodegradation by P. putida S-5 under aerobic conditions was found to proceed mainly via oxidative y To whom correspondence should be addressed. Tel: +81-258-34-9405; Fax: +81-258-34-9700; E-mail: ytasaki@nagaoka-ct.ac.jp biodegradation. Until recently there has been a paucity of direct evidence to support the proposed oxidation model, since no biodegradation intermediates of APEO n s had been detected. But, Sato et al. 11, 12) have succeeded in monitoring the biodegradation intermediates of OPEO n in P. putida S-5 by MALDI-MS, and have proposed a definitive oxidative biodegradation pathway based on that of PEG. 5) In this model, alcohol dehydrogenase, aldehyde dehydrogenase, and an etherbond cleaving enzyme are proposed to act in tandem during the degradation process.
To elucidate the biodegradation mechanism of APEO n in P. putida S-5, we isolated and sequenced an alcohol dehydrogenase gene (adh1) that is probably involved in the pathway. We engineered the adh1 gene into the heterologous host, Escherichia coli, and characterized the recombinant protein.
Materials and Methods
Chemicals. OPEO n surfactants, Triton X-35, X-45, X-114, X-100, X-165, and X-405 (average EO unit number 3, 5, 7.5, 9.5, 16, and 40 respectively) were obtained from Rohm and Haas (Philadelphia, PA). Uniform OPEO 8 and OPEO 2 molecules were isolated from Triton X-100 and its degradation products by P. putida S-5 respectively, as reported by Sato et al.
12) An NPEO 9 surfactant (commercial name, Tergitol Type NP-9) and an alcohol polyethoxylate (polyoxyethylene 8 decyl ether; A 10 EO 8 ) were purchased from Sigma-Aldrich (Poole, UK). 2,6-dichlorophenolindophenol (DCPIP) was obtained from ICN Biomedicals (Irvine, CA). All other reagents used in the enzyme assays were purchased from Nacalai Tesque (Kyoto, Japan).
Bacterial strains and culture conditions. OPEO nutilizing P. putida S-5 was isolated from a soil sample taken from a paddy field. 10) P. putida S-5 was grown at 30 C in a 500 ml Erlenmeyer flask containing 50 ml of a basal salt medium supplemented with 1% Triton X-100 as the carbon source (TX medium).
11) E. coli TOP10 and E. coli BL21(DE3) strains were used as host cells for DNA propagation and for heterologous gene expression studies respectively. E. coli was grown at 37 C in Luria-Bertani (LB) medium containing ampicillin (50 mg/ml) for plasmid selection.
Preparation of cell extracts and separation of cell fractions. Cells were harvested by centrifugation and the supernatant was used as culture-soluble protein. The cells were washed three times with 10 mM potassium phosphate buffer (pH 7.2) and resuspended in the same buffer. They were disrupted using the ultrasonic processor UP400S (Dr. Hielscher GmbH, Stuttgart, Germany) and then centrifuged at 10;000 Â g for 10 min at 4 C. The resulting cell-free extract was assayed for enzyme activity. The culture-soluble protein was concentrated using an Amicon Centricon Plus-20 ultrafiltration unit (Millipore, Billerica, MA) prior to measuring enzyme activity. The cytoplasmic, periplasmic, and membrane fractions were separated according to the method of Obradors and Aguilar. 13) Enzyme assays. Alcohol dehydrogenase activity was assayed by measuring the reduction of DCPIP spectrophotometrically at 600 nm. The reaction mixture consisted of 100 mM Tris-HCl buffer (pH 7.5), 0.1 mM DCPIP, 1 mM substrate, and an appropriate amount of enzyme solution in a total volume of 2 ml. All reactions were performed at 30 C. The substrates were dissolved in dimethyl sulfoxide. The reaction was started by the addition of substrate and absorbance at 600 nm was monitored using a Cary 50 UV-Visible Spectrophotometer (Varian, Palo Alto, CA). One enzyme unit was defined as the amount of the enzyme catalyzing the formation of 1 mmol of reduced DCPIP per min. Glucose-6-phosphate dehydrogenase activity was assayed by the method of Malamy and Horecker. 14) NADH oxidase activity was measured by the method of Cheng et al. 15) Alkaline phosphatase activity was assayed by the method of Berlutti et al. 16 ) Protein concentrations were determined by the method of Bradford.
17)
DNA manipulations. Chromosomal DNA and plasmid DNA from P. putida S-5 were prepared by the methods of Ausubel et al. 18) and O'Sullivan and Klaenhammer 19) respectively. Plasmid DNA from E. coli was prepared using a Wizard Plus SV Minipreps DNA Purification System (Promega, Madison, WI). Southern blotting was carried out with a TurboBlotter Rapid Downward Transfer System (Schleicher and Schuell, Keene, NH). Hybridization was performed with a DIG DNA Labeling and Detection Kit (Roche Diagnostics, Mannheim, Germany).
PCR and cloning. Degenerate PCR primers were based on conserved regions in the published sequences of PEG dehydrogenase from Sphingomonas terrae, 7) alcohol dehydrogenase from Pseudomonas oleovorans, 20) and 4-nitrobenzyl alcohol dehydrogenase from Pseudomonas sp.
21) The primers were 5
0 . PCR was performed according to the manufacturer's protocol using Ex Taq DNA polymerase (2.5 U, Takara Bio, Shiga, Japan) with a mixture of chromosomal DNA and plasmid DNA (0.2 mg each) as template. PCR reaction conditions were as follows: 30 cycles of 10 s at 98 C, 30 s at 60 C, and 1 min at 72 C. The PCR product was ligated into the plasmid vector pGEM-T (Promega), and the construct was transformed into E. coli TOP10 competent cells (Invitrogen, Carlsbad, CA). For inverse PCR, chromosomal DNA was first digested with an appropriate restriction enzyme (SphI). The DNA digested with SphI was self-ligated overnight at 16 C using T4 DNA ligase (Takara Bio). PCR primers were designed from the DNA sequence of adh1: 5 0 -AG-GCTACCGCATCACCCGTGACATCATTGC-3 0 and 5 0 -GAGCGTAGTCGAACATGGCCTTGCCCATCT-3 0 . PCR was performed using Ex Taq DNA polymerase (2.5 U) and the self-ligated DNA as template. PCR reaction conditions were as follows: 30 cycles of 10 s at 98 C, 30 s at 60 C, and 4 min at 72 C.
DNA sequencing and sequence analysis. DNA sequencing reactions were carried out using a DYEnamic ET Terminator Cycle Sequencing Kit from Amersham Biosciences (Buckinghamshire, UK). The products were analyzed with an ABI PRISM 310 genetic analyzer (PE Applied Biosystems, Foster City, CA). The nucleotide and deduced amino acid sequences were analyzed with GENETYX-MAC software system (Software Development, Tokyo). A similarity search was performed using the BLAST program. 22) The signature sequence of the deduced amino acid sequence was predicted using the PROSITE program.
23) Subcellular localization of ADH1 was predicted by the PSORT program 24) and the SOSUI program. 25) Multiple sequence alignments were made with the CLUSTAL W 1.8 program.
26)
Expression of adh1 in E. coli. The coding region of adh1 was amplified by PCR from chromosomal DNA with KOD-Plus-DNA polymerase (Toyobo, Osaka, Japan). The forward primer, 5
0 -GGCATATGGAATT-CGATTATCTGATCGTGG-3 0 , and the reverse primer, 5
0 -CGGGATCCTCAGCCGTGGGCAATCCACT-3 0 , were designed to introduce an NdeI restriction site at the initiation codon and a BamHI site downstream of adh1 (restriction sites underlined). PCR reaction conditions were as follows: 30 cycles of 15 s at 94 C, 30 s at 55 C, and 2 min at 68 C. The PCR product was digested with NdeI and BamHI and then ligated into pET16b (Novagen, Madison, WI) cut with NdeI and BamHI. The resulting plasmid (pETadh1) was introduced into E. coli BL21(DE3) (Novagen) via transformation. Transformed E. coli BL21(DE3) cells were grown in LB medium to an optical density (OD) at 600 nm of 0.6, and adh1 expression was initiated by induction at 15 C with 0.1 mM IPTG for 18 h prior to harvesting.
SDS-PAGE. SDS-polyacrylamide gel electrophoresis (PAGE) was carried out according to Laemmli's method, 27) using a 10% polyacrylamide gel. Protein was visualized by staining with Coomassie brilliant blue R-250.
RNA isolation and RT-PCR. P. putida S-5 cells were grown in a TX liquid medium and harvested at midexponential phase (0.5 OD 600 ). Total RNA was then isolated using an RNeasy Mini Kit (Qiagen, Tokyo). Total RNA was treated with RQ1 RNase-Free DNase (Promega) to remove any contaminating DNA. Reverse transcription (RT)-PCR was performed on 1 mg of total RNA with an Access RT-PCR System (Promega) according to the recommended protocol. To amplify the partial coding region of adh1, primers, P2623 (5 0 -CAGCTATAACCCCGACTTCA-3 0 ) and P3166 (5 0 -TG-GATCGGTCTTGAGAAACG-3 0 ), were designed. The contiguity of mRNA containing the orf1-orf2, orf2-adh1, and adh1-orf3 genes was determined using the following primers:
, and P4129 (5 0 -GTGTTCTACCAGGCGAAGTT-3 0 ). As a negative control, the same reaction without reverse transcriptase was performed to eliminate the possibility of amplifying residual chromosomal DNA.
Nucleotide sequence accession number. The nucleotide sequence reported in this paper has been submitted to the DDBJ nucleotide sequence database under accession no. AB100375.
Results
Localization of alcohol dehydrogenase OPEO n biodegradation by P. putida S-5 proceeds mainly via the terminal oxidative mechanism. [10] [11] [12] This is equivalent to the proposed PEG biodegradation pathway in S. terrae.
5) Therefore, OPEO n biodegradation is also initiated by the oxidation of its terminal alcohol group by alcohol dehydrogenase. To identify the subcellular localization of alcohol dehydrogenase, cell extract and culture supernatant were prepared from 300 ml of P. putida S-5 cultures grown for 3 d on a TX liquid medium. The alcohol dehydrogenase activity toward Triton X-100 was determined for both fractions. Enzyme activity was detected in the cell extract, but not in the culture supernatant, even after concentration. Subcellular fractionation analysis was performed with glucose-6-phosphate dehydrogenase as the cytoplasmic marker, NADH oxidase as the membrane marker, and alkaline phosphatase as the periplasmic marker. Slight cross-contamination of the fractions was detected (Table 1) . Considering the activities of the control markers in each fraction, most of the alcohol dehydrogenase was found to be in the cytoplasmic fraction and only a little in the membrane fraction.
Isolation and DNA sequence analysis of an alcohol dehydrogenase gene
In PEG biodegradation by S. terrae, the gene encoding PEG dehydrogenase, which is involved in the first oxidation step, has been cloned. 7) Amino acid sequence analysis of the enzyme indicates that it belongs to the type III FAD-dependent alcohol oxidases. 28) These data gave us the idea of designing a set of degenerate primers to clone the corresponding gene in P. putida S-5 because of the evident similarity in terms of chemical structure and mechanism of biodegradation. The primers were based on conserved amino acid sequences from three bacterial type III FAD-dependent alcohol dehydrogenases, including PEG dehydrogenase.
Using the degenerate set of PCR primers, a 638 bp fragment was amplified from P. putida S-5 chromosomal DNA or plasmid DNA. The amino acid sequence deduced from the fragment showed 45% identity with that of PEG dehydrogenase from S. terrae.
7)
Hence, the PCR product appeared to constitute part of an alcohol dehydrogenase gene, which we designated adh1. To establish whether adh1 is located on the chromosome of P. putida S-5, Southern hybridization of chromosomal DNA or plasmid DNA was performed using a probe prepared from the adh1 gene fragment. The DNA probe hybridized to chromosomal DNA only (data not shown), indicating that adh1 is located on the chromosome.
To determine the full-length nucleotide sequence of adh1, inverse PCR was performed. Southern hybridization with the adh1 DNA probe was carried out to select an appropriate restriction enzyme for digestion of chromosomal DNA. A single positively hybridizing band was detected for each restriction enzyme digest: 10, 4.9, 6.5, and 4.6 kbp fragments with SalI, SacI, KpnI, and SphI respectively (data not shown). Based on these results, chromosomal DNA digested with SphI was chosen for preparation of the template. After selfligation and inverse PCR, a 4.4 kbp DNA fragment was amplified and sequenced. The nucleotide sequence of a 4,646 bp SphI fragment containing the complete adh1 was determined. The adh1 had an open reading frame (ORF) of 1,578 nucleotides encoding 526 amino acid residues with a molecular mass of approximately 56,700 Da. Analysis of the deduced amino acid sequence of ADH1 using the PROSITE program showed it to contain signature patterns characteristic of FAD oxidoreductases (Fig. 1) . In addition, sequence analysis of ADH1 using the programs PSORT and SOSUI predicted that it is cytoplasmic and soluble protein respectively.
A comparison of the deduced amino acid sequence of ADH1 with the protein database showed it to possess a high degree of similarity to bacterial alcohol dehydrogenases. ADH1 displayed the greatest similarity to a dehydrogenase from Mesorhizobium loti (55%) (PRF accession no. 2705259DGX), and shared 49-37% amino acid identity with bacterial alcohol dehydrogenases having signature patterns characteristic of FAD oxidoreductases (Fig. 1) . In addition, the glycine box (GXGXXG), which is typical of the binding site of the ADP moiety of FAD, 31) was also conserved in ADH1 (residues 9-14).
Sequence analysis of the region flanking adh1
Sequence analysis of the 4,646 bp SphI fragment revealed the presence of two complete ORFs, including adh1, and two partial ORFs. A schematic representation of the arrangement of ORFs is given in Fig. 2A . To deduce the functions of the ORFs, a similarity search analysis was performed. The results are summarized in Table 2 . Each of the two complete ORFs had a putative ribosomal binding site (Shine-Dalgarno sequence) upstream of the predicted initiation codon. Upstream of adh1, an ORF (orf2), encoding a protein of 319 amino acids, was identified. The deduced amino acid sequence of orf2 displays 41% identity to that of an esterase from Streptomyces coelicolor. Further upstream and transcribed in the same direction as orf2 is a partial ORF (orf1). The deduced partial amino acid sequence of orf1 displays similarity (55%) to an acyl-CoA synthetase from P. putida P1. 32) Downstream of adh1 and transcribed convergent to it is a partial ORF (orf3). The deduced partial amino acid sequence of orf3 is 54% identical to that of an aldehyde dehydrogenase of Chromobacterium violaceum.
RT-PCR analysis of adh1 and its flanking genes
To ascertain whether adh1 and its flanking genes are co-transcribed as a single transcriptional unit, we performed RT-PCR with appropriate primer pairs using total RNA from P. putida S-5 cells grown on a TX liquid medium. Primer pairs, designed to hybridize to two internal sequences of the adh1 coding region and to the 3 0 and 5 0 ends of the two adjacent genes, were prepared ( Fig. 2A) . A product of the expected size was detected using P2623 and P3166 (Fig. 2B) . No product was detected when the reverse transcriptase was omitted from the reaction mixture, although the primers amplified a product of the correct size using chromosomal DNA as template. This result indicates that adh1 is expressed in P. putida S-5 cells grown on Triton X-100.
Primer pairs were employed to amplify regions 
HPVGTCRMGNDAG--AVVDAHLRVRGVSNLRVIDASIMPNITSGNTNAPTQALALHAAKLLVADHFSR------------532 ** **:** * :*** :::*: .:*: *:*:** : .* **.: :. . *. : PDH, ADH, SDH, CDH, and NDH indicate respectively PEG dehydrogenase from Sphingomonas terra, 7) alcohol dehydrogenase from Pseudomonas oleovorans, 20) sorbose dehydrogenase from Gluconobacter oxydans, 29) choline dehydrogenase from Escherichia coli, 30) and 4-nitrobenzyl alcohol dehydrogenase from Pseudomonas sp. 21) The signature patterns characteristic of FAD oxidoreductase are in bold. The glycine box is boxed. Positions with identical amino acid residues are indicated by asterisks below the sequence. Colons and dots indicate the positions of amino acid residues with strong and weak similarity respectively. encompassing orf1-orf2, orf2-adh1, and adh1-orf3. Products of the expected sizes were detected for orf1-orf2 and orf2-adh1, but not for adh1-orf3 as expected from the direction of transcription (Fig. 2B) . These results suggest that adh1 is part of the same transcriptional unit as orf1 and orf2.
Expression of adh1 in E. coli and alcohol dehydrogenase assays
To examine the biological activity of adh1, we engineered the gene for expression in E. coli BL21(DE3). An intense band to the expected size (57,000 Da) was detected by SDS-PAGE analysis of total cell protein from E. coli harboring the expression plasmid pETadh1 (data not shown). Using Triton X-100 as substrate, alcohol dehydrogenase activity (9.6 mU/ mg protein) was detected in the cell extract of E. coli BL21(DE3) pETadh1. Control cells, harboring vector without insert, had no detectable dehydrogenase activity in the cell extract, and SDS-PAGE analysis revealed the band of 57,000 Da to be absent. Also, after separation of cytoplasmic and membrane fractions from the cell extract of E. coli BL21(DE3) pETadh1, the protein band (57,000 Da) on SDS-PAGE and alcohol dehydrogenase activity in both fractions were examined. The band signal and the activity were detected in the membrane fraction (data not shown), suggesting that the recombinant ADH1 expressed in E. coli is bound to membrane particles.
To examine the substrate specificity of recombinant ADH1, the cell extract was assayed against a total of 41 different test compounds. ADH1 displayed activity towards primary aliphatic alcohols (C 4 -C 10 ) and aromatic alcohols (Table 3 ). In particular, high activity was exhibited with 1-pentanol, benzyl alcohol, and 4-nitrobenzyl alcohol. ADH1 also showed activity towards OPEO n s with average EO chains of 3-40 units, NPEO 9 , and A 10 EO 8 . Among the OPEO n s tested, activity against OPEO 2 , Triton X-35, X-165, and X-405 was relatively high compared with OPEO 8 and Triton X-45, X-114, X-100. PEG was not a substrate for ADH1. Choline was slightly oxidized by ADH1, but D-sorbitol and L-sorbose were not. In addition, unbranched, medium-length aldehydes of C 6 -C 10 , and aromatic aldehydes were also substrates for ADH1.
Discussion
In this study, we isolated and characterized the gene adh1 encoding an alcohol dehydrogenase from OPEO n degrader P. putida S-5. OPEO n biodegradation is initiated by the oxidation of its terminal alcohol group by alcohol dehydrogenase. The sequence of ADH1 has signature patterns characteristic of type III alcohol oxidases and a FAD-binding motif (Fig. 1) . Microbial alcohol dehydrogenases can be divided into three major groups: (I) NAD(P)-dependent alcohol dehydrogenase; (II) NAD(P)-independent alcohol dehydrogenase; (III) FAD-dependent alcohol oxidase. 28) ADH1 also showed significant similarity in amino acid sequence with bacterial alcohol dehydrogenases that have the signature patterns characteristic of type III alcohol oxidases and the FAD-binding motif. These data suggest that ADH1 is a flavoprotein alcohol dehydrogenase that has similar structural features to other type III FAD-dependent alcohol dehydrogenases.
Alcohol dehydrogenase assays of adh1 overexpressed in E. coli showed that ADH1 did have activity against primary aliphatic and aromatic alcohols, OPEO n s, NPEO 9 , and A 10 EO 8 (Table 3 ). This indicates that adh1 encodes an alcohol dehydrogenase that has broad substrate specificity. ADH1 also displays activity toward OPEO n s of varying EO chain length. This suggests that the enzyme has the capability to oxidize each OPEO n (n = 2) produced by shortening of their EO chains in the biodegradation pathway. Furthermore, transcription analysis indicated that adh1 was expressed in P. putida S-5 cells grown on OPEO n (Fig. 2B) . These data suggest that in OPEO n biodegradation, ADH1 catalyses the oxidation of the terminal alcohol group.
Although ADH1 was active against OPEO n s, NPEO 9 , and A 10 EO 8 , there was no activity against PEGs, despite the similarity in the length of the EO chain. These results corresponded to those of our previous studies. Sato et al. 33) reported that P. putida S-5 can degrade OPEO n s, NPEO 9 , and A 10 EO 8 , but not PEGs. Therefore, these findings support the above-mentioned idea that ADH1 is involved in OPEO biodegradation. Further, ADH1 was found to require the presence of bulky hydrophobic groups linked to EO chains for the oxidation of alcohol groups of the chains. Thus, ADH1 is apparently different from the PEG dehydrogenase of S. terrae, which efficiently oxidizes PEGs with molecular weights of 200 to 6,000. 7) In addition, ADH1 was active against primary aliphatic and aromatic aldehydes ( Table 3 ). The terminal oxidation of OPEO n can proceed by two possible routes, as follows: alcohol dehydrogenase acts on both the alcohol and the subsequent aldehyde intermediates, or an independent alcohol and aldehyde dehydrogenase acts on the alcohol and aldehyde intermediates respectively. In S. terrae, PEG biodegradation is thought to proceed by the latter route, because its PEG dehydrogenase had negligible activity against aldehydes. 5, 7) But, the activity of ADH1 toward primary aliphatic aldehydes (C 7 -C 10 ) was greater than that of the corresponding alcohols, suggesting that in OPEO n biodegradation, ADH1 might be involved in the oxidation of both the alcohol and aldehyde moiety. In addition, Sato et al. 12) reported that in OPEO n biodegradation, no aldehyde intermediates were observed in the MALDI-MS spectra of the biodegradated product. This might be because ADH1 sequentially oxidized the alcohol and aldehyde moiety in OPEO n during biodegradation.
Since PEG dehydrogenases involved in PEG biodegradation exist only in the membrane or the periplasm, 5, 13) the enzymes involved in OPEO n biodegradation were predicted to be similarly localized, given the structural resemblance of their substrates. But, subcellular fractionation analysis revealed that the alcohol dehydrogenase activity against OPEO n was located in the cytoplasmic and membrane fractions of P. putida S-5 cells and, to our surprise, significant activity was found in the cytoplasmic fraction (Table 1 ). This result does not conflict with the putative subcellular localization of ADH1 in P. putida S-5 cells, although the subcellular localization of ADH1 predicted from its protein sequence was different from that of the recombinant ADH1 expressed in E. coli. Hence, these a The activity toward benzyl alcohol was defined as 100. b Concentrations were adjusted to 1 mM with average molecular weights.
findings suggest that, besides ADH1, alcohol dehydrogenase with activity against OPEO n is present in the cytoplasmic or membrane fraction of P. putida S-5 cells and that OPEO n biodegradation is likely to occur in two different locations. To clarify these matters, further investigations, such as localization of ADH1 and isolation and characterization of other proteins, including the alcohol dehydrogenase involved in the degradation of OPEO n , are required. Sequence analysis of P. putida S-5 chromosomal DNA upstream of adh1 revealed two ORFs, encoding a putative acyl-CoA synthetase and a putative esterase, which can potentially form part of an operon. RT-PCR analysis indicated that adh1 is co-transcribed with the two ORFs during growth on OPEO n (Fig. 2B) . Intriguingly, an operon comprising an alcohol dehydrogenase and an esterase gene from Rhodococcus ruber SC1 34) or an acyl-CoA synthetase gene from P. putida P1 32) have been reported. They contribute to the biodegradation of cyclododecanone and alkane respectively, but the structure of these operons differed from that of P. putida S-5. Furthermore, the biodegradation pathway for cyclododecanone and alkane is quite different from the pathway proposed by Sato et al. 11, 12) for OPEO n . We are currently analyzing the adh1 operon in order to understand the role of the putative acyl-CoA synthetase and esterase genes in the biodegradation of OPEO n .
